Plasmodium falciparum malaria is an important cause of morbidity and mortality in children. Factors that determine the development of mild versus severe malaria are not fully understood. Since host-derived nitric oxide (NO) has antiplasmodial properties, we measured NO production and NO synthase (NOS) activity in peripheral blood mononuclear cells (PBMC) from healthy Gabonese children with a history of prior mild malaria (PMM) or prior severe malaria (PSM) caused by P. falciparum. The PMM group had significantly higher levels of NOS activity in freshly isolated PBMC and higher NO production and NOS activity in cultured PBMC. The investigation of NO-modulating cytokines (e.g., interleukin 12, gamma interferon, tumor necrosis factor alpha [TNF-␣], and transforming growth factor ␤1) as an explanation for differing levels of NOS activity revealed that plasma levels of TNF-␣ were significantly higher in the PSM group. Our results suggest that NOS/ NO and TNF-␣ are markers for prior disease severity and important determinants of resistance to malaria.
Malaria occurs at a rate of 300 to 500 million infections per year, resulting in 1.5 to 2.7 million deaths, with the highest mortality in children less than 5 years of age (32) . In areas where Plasmodium falciparum is hyperendemic, such as Lambaréné, Gabon, adults develop a semi-immune state following frequent episodes of malaria during childhood (31) . However, P. falciparum malaria in children (who are largely nonimmune) may lead to severe malaria with hyperparasitemia and clinical complications such as severe anemia, hypoglycemia, and cerebral malaria (33) . The molecular determinants that regulate the development of mild versus severe P. falciparum malaria are largely unknown, with the possible exception of the sickle cell trait.
The ability of the human host to produce nitric oxide (NO) may be important for regulating disease severity in malaria. A protective role for NO in malaria is supported by results from in vitro studies and reports on experimental malaria (8, 11, 19, 20, 22, 25) . Studies in Gabonese adults and children show that levels of NO metabolites (nitrite plus nitrate [NOx] ) in plasma increase with disease severity and are associated with accelerated clinical cure and parasitological clearance (12) . Levels of NOx in plasma and urine and expression of inducible nitric oxide synthase type 2 (NOS2) in peripheral blood mononuclear cells (PBMC) are inversely related to disease severity in Tanzanian children infected with P. falciparum (2) .
NO production during a malarial infection is likely regulated by a balance of pro-and anti-inflammatory cytokines. While proinflammatory cytokines (e.g., interleukin 12 , gamma interferon [IFN-␥], and tumor necrosis factor alpha [TNF-␣]) generally increase NOS2-derived NO synthesis during an inflammatory response, anti-inflammatory cytokines (e.g., transforming growth factor ␤1 [TGF-␤1] and IL-10) decrease NOS2-promoted NO production (21, 27) . In addition, there are also reciprocal interactions between cytokines and NO production in which NO can influence cytokine secretion. The development of endotoxin-induced desensitization in murine macrophages is characterized by increased formation of NO that decreases TNF-␣ production (3). The down-regulatory effect of NO on TNF-␣ synthesis has also been established in animal models of endotoxemia (4, 9, 26) .
To further investigate the role of NO in the pathogenesis of malaria, we measured baseline and cytokine-promoted NO production and NOS enzyme activity in cultured PBMC and NOS activity in freshly isolated (noncultured) PBMC from healthy Gabonese children with a history of either mild or severe P. falciparum malaria. Levels of cytokines that might regulate NO production (i.e., IL-12, IFN-␥, TNF-␣, and TGF-␤1) in plasma were also analyzed.
Study participants. All participants (n ϭ 28; age, 2 to 8 years) were healthy and were recruited from an ongoing longitudinal prospective study at the Albert Schweitzer Hospital in Lambaréné, Gabon, an area where P. falciparum malaria is endemic (13) . Subjects were divided into two groups: children with prior mild malaria (PMM) (n ϭ 18; nine males and nine females; mean age of 6 years 5 months) and children with prior severe malaria (PSM) (n ϭ 10; six males and four females; mean age of 6 years 4 months). During the malarial episode, the classification of mild and severe malaria was defined according to World Health Organization guidelines with inclusion criteria for severe cases including hyperparasitemia (Ͼ250,000 parasites/l) and/or severe anemia (hemoglobin level, Ͻ5.0 g/dl; packed cell volume, Ͻ25%) (33) . None of the participants had previously suffered from cerebral malaria. After physical examination, a thick blood smear was used to verify that participants were parasite free. Healthy children were selected for the present study because differences detected between the two groups of children during an active malarial infection may reflect differences in the disease state rather than underlying host immunologic factors. Subjects were excluded from the study if they had a thick blood film positive for malaria or if they had experienced malaria or any other severe illnesses within the last 4 months. Children were selected so that the number of previous malarial infections and the time from the last malarial infection were equivalent in the two groups. Informed consent was obtained from the parents of participating children. This study was approved by the ethics committee of the International Foundation of the Albert Schweitzer Hospital and the Duke University Medical Center Investigational Review Board.
NO production and NOS enzyme activity in cultured PBMC. To determine if NO production differs in children who develop mild versus severe malaria, venous blood (5 ml) was drawn from the two groups of children into EDTA-containing vials, plasma was separated, and PBMC were prepared by using Ficoll-Hypaque as described earlier (30) . Freshly isolated mononuclear cells were plated at a density of 1.5 ϫ 10 6 per well into 48-well tissue culture plates in 0.5 ml of Dulbecco's modified Eagle medium containing 10% pooled human serum (heat inactivated at 56°C for 30 min). Cells were cultured for 7 days with IFN-␣ (50 U/ml; Schering-Plough, Kenilworth, N.J.) or a combination of TNF-␣ (10 ng/ml) and IFN-␥ (500 U/ml; R & D Systems, Minneapolis, Minn.) since these cytokines can enhance human monocyte NO production (23, 24, 28) . Because NO is rapidly converted to nitrite (NO 2 Ϫ ) and nitrate (NO 3 Ϫ ), these catabolites (NOx) were measured in culture supernatants to determine NO production levels as described previously (5, 6) . In brief, NO 3 Ϫ was converted to NO 2 Ϫ in a reaction mixture containing 1.0 M Tris-HCl, 0.2 mM NADPH (Sigma Chemical Co., St. Louis, Mo.), 5 mM glucose-6-phosphate, 10.0 U of glucose-6-phosphate dehydrogenase per ml, and 1.0 U of nitrate reductase from Aspergillus species (Boehringer, Mannheim, Germany) per ml.
In the absence of stimulation (controls), NOx levels were elevated in the PMM group relative to the PSM group, with the results approaching significance (P ϭ 0.06; Fig. 1A ). In addition to NO measurements, NOS enzyme activity was analyzed by measuring the conversion of L-[ (29) . Analysis of NOS enzyme activity under control conditions showed that NOS enzyme was FIG. 1. NOx and NOS enzyme activity in cultured PBMC. PBMC were prepared from healthy children who previously had mild P. falciparum malaria (n ϭ 18) and from healthy children who previously had severe P. falciparum malaria (n ϭ 10). Cultures were incubated for 7 days with medium alone (controls), INF-␣2b (50 U/ml), or TNF-␣ (10 ng/ml) and IFN-␥ (500 U/ml). Culture supernatants were removed and assayed in triplicate for NOx (micromolar). PBMC were harvested, lysates were prepared, and NOS enzyme activity (picomoles of citrulline/milligram of protein) was determined in triplicate by measuring the conversion of L- Fig. 1B ). Stimulation of cultures with IFN-␣2b increased NOx and NOS activity levels in the PMM group (P ϭ 0.36 and P ϭ 0.05, respectively; Fig. 1A & B) but not in the PSM group (P ϭ 0.67 and P ϭ 0.56, respectively; Fig. 1A and B) . IFN-␣-promoted NOx levels and NOS activity were significantly different between the two groups (P ϭ 0.02 and P ϭ 0.04, respectively; Fig.  1A and B). Culturing with TNF-␣ and IFN-␥ did not significantly affect activity in the PMM group (P ϭ 0.36) or the PSM group (P ϭ 0.89) (Fig. 1A) . Relative to control conditions, however, culturing cells with TNF-␣ and IFN-␥ significantly increased NOS activity in the PMM group (P ϭ 0.03) but not in the PSM group (P ϭ 0.16) (Fig. 1B) . The treatment of PBMC with TNF-␣ and IFN-␥ generated higher levels of NOx (P ϭ 0.04) and NOS activity (P ϭ 0.04) in the PMM group than in the prior PSM group (Fig. 1A and B) . Taken together, these results show that cultured PBMC from healthy children with PMM produce higher levels of NO and have greater NOS enzyme activity than those from children with PSM. NOS enzyme activity in freshly isolated (noncultured) PBMC. NOS activity was also evaluated in freshly isolated (noncultured) PBMC from the two groups since this activity more closely reflects the in vivo NOS enzyme activity without the influence of in vitro culture. For this analysis, freshly isolated cells were quickly frozen, and NOS activity was determined at a later date by measuring the conversion of (29) . NOS enzyme activity was significantly higher in freshly isolated PBMC from the PMM group (P ϭ 0.05; Fig. 2 ). Blood monocytes have a relatively short half-life; thus, elevated levels of NOS activity long after a malarial infection has been resolved suggest that there may be continued immune activation (e.g., cytokines) or genetic factors influencing the NOS activity. Previous studies in Gabonese children with P. falciparum malaria show that a NOS2 promoter polymorphism (G-954C) is associated with decreased severity of disease and increased time to reinfection (14) . Although the sample size in the present study limits the power of analysis, the frequency of this NOS2 promoter polymorphism was not significantly different in the two groups (P ϭ 0.76), suggesting that this genetic variable did not account for our results (data not presented).
Levels of potential NOS-regulating cytokines in plasma. To determine if potential NOS-regulating cytokines could account for the varying degrees of PBMC NOS enzyme activity and NO production in the PMM and PSM groups, levels of selected proinflammatory (IL-12, IFN-␥, and TNF-␣) and anti-inflammatory (TGF-␤1) cytokines in plasma were determined by the quantitative sandwich enzyme immunoassay technique with commercially available reagents (R & D Systems). For the measurement of IL-12, a monoclonal antibody that recognizes the active heterodimer was used. TGF-␤1 was determined in platelet-poor samples that were generated by centrifugation at 10,000 ϫ g for 30 min. In addition, samples for TGF-␤1 analysis were activated by incubation with 2.5 N acetic acid-10 N urea for 10 min followed by neutralization with 2.7 N NaOH-1 M HEPES. Levels of IL-12, IFN-␥, and TGF-␤1 in plasma were comparable in the two groups (Fig. 3A to C) , but TNF-␣ levels were significantly higher in the PSM group than in the PMM group (P ϭ 0.03; Fig. 3D ). The association of elevated concentrations of TNF-␣ in plasma and severe malaria (especially in cases of fatal disease) is well established (7, 10, 15) . Previous reports show that polymorphisms in the promoter region of the TNF-␣ gene are associated with malarial severity in certain populations (17, 18 ). There were no major differences in TNF-␣ production between individual subjects within the groups in the present study, and the frequencies of the TNF-1, -2, -3, -4, and -5 alleles were equivalent in the two groups (P ϭ 0.63; data not presented). However, the small sample size limits the power of analysis. Previous studies show that NO can decrease TNF-␣ synthesis in vitro and in vivo (4, 9, 26) . It is therefore possible that lower PBMC NO production in Gabonese children with PSM contributes to higher levels of TNF-␣ in plasma. Thus, in addition to a direct antiparasitic effect, NO may exert antidisease effects in malaria by regulating proinflammatory cytokine production (1, 16) .
In summary, we show that cultured PBMC from healthy children with PMM have a greater capacity to produce NO and express NOS in vitro than those from children with PSM. Likewise, freshly isolated noncultured PBMC from children with PMM have higher NOS enzyme activity. We postulate that enhanced NO production in children with PMM may allow a more effective reduction in parasitemia and prevent progression to severe disease. The observed differences in NO/ NOS and TNF-␣ may be related to baseline (perhaps unexamined genetic) differences, prior differences in the degree of immune stimulation, or a combination of genetic and environmental factors.
